ABSTRACT: We investigated the effect of West Nile virus (WNV) infection on survival in two colonies of Culex pipiens quinquefasciatus Say (Diptera: Culicidae) originating from Vero Beach and Gainesville, FL. Mosquitoes were fed West Nile virus-infected blood and checked daily for survival. Exposure to WNV decreased survival among Cx. p. quinquefasciatus from Gainesville relative to unexposed individuals at 31° C. In contrast, exposure to WNV enhanced survival among Cx. p. quinquefasciatus from Vero Beach relative to unexposed individuals at 27° C. These results may suggest that exposure to WNV and associated infection could increase or decrease components of fitness, dependent on environmental temperature and intraspecific variation in Cx. p. quinquefasciatus. The relationship between lifespan (time of death in days) and WNV titer differed in the colonies at 31° C and 27° C, suggesting that intraspecific species variation in response to temperature impacts interactions with WNV. While further work is needed to determine if similar effects occur under field conditions, this suggests intraspecific variation in vector competence for WNV and adult survival of Cx. p. quinquefasciatus, both aspects of vectorial capacity. Journal of Vector Ecology 39 (1): 123-133. 2014.
INTRODUCTION
The daily mortality rate of mosquitoes is an important component of vectorial capacity (Garrett-Jones 1964 , Dye 1992 , Luz et al. 2003 . Vectors that become infected after a blood meal but fail to survive to bite another host reduce the transmission potential of the population. If vectorial capacity is assessed based on mosquito infection rates, changes in mosquito mortality rate directly influence pathogen transmission. Models of mosquitoborne pathogen transmission often assume that the mortality of adult mosquitoes is constant (Bellan 2010) because environmental factors are likely a more important cause of mortality than ageassociated factors (MacDonald 1952) . However, studies of Aedes aegypti (L.) demonstrated age-dependent mortality of adult females and males counter to the assumption of constant mortality (Styer et al. 2007a , Styer et al. 2007b , Harrington et al. 2008 ). These studies suggest that nonlinear functions (e.g., Gompertz, Weibull, logistic) are better descriptors of adult mortality than linear functions (Clements and Paterson 1981 , Styer et al. 2007a , Styer et al. 2007b , Delatte et al. 2009 ). Few studies have examined the interactions between age-associated mortality, virus infection, and environmental temperature. Studies are needed to assess the influence of the environment on mortality. Understanding the relationship between heterogeneity in mosquito mortality rates and arbovirus transmission will improve our understanding of mosquito-borne disease.
The influence of viral infection on invertebrate hosts likely depends on biology (e.g., immunological response, nutritional reserves) or environmental conditions such as temperature. Temperature influences biochemical, physiological, and behavioral processes and is a key factor determining insectendosymbiont interactions (Moore 2001, Thomas and Blanford 2003) . The impact of parasitism may be altered by temporal and spatial variation in environmental temperature, especially in poikilotherms such as insects. Small changes in environmental temperature may alter host susceptibility to infection, recovery, parasite replication, and virulence (Thomas and Blanford 2003) . Further, interactions between parasites and hosts may be dependent on parasite and host genotypes such that different genotypes can respond differently to variation in temperature (Wolinska and King 2009, Kilpatrick et al. 2008) . The influence of environmental temperature on interactions between arboviruses and their mosquito hosts is likely very complex.
Macro and microparasites may impose varied fitness consequences to their mosquito vectors (Plasmodium: Vézilier et al. 2012, Ferguson and Read 2002; filarial worms: Michael et al. 2009 ). For arboviruses (a microparasite), some studies have found little effect of arbovirus infection on mosquito performance (Patrican and DeFoliart 1985 , Dohm et al. 1991 , Putman and Scott 1995 , while other studies have concluded that arboviruses decreased adult lifespan (Scott and Lorenz 1998 , Moncayo et al. 2000 , Mahmood et al. 2004 , Reiskind et al. 2010 , fecundity (Scott and Lorenz 1998 , Moncayo et al. 2000 , Styer et al. 2007a , Styer et al. 2007c , and flight activity (Lee et al. 2000) and may alter feeding behavior (Grimstad et al. 1980 , Platt et al. 1997 . A meta-analysis showed that arboviruses have detrimental effects on mosquito adult lifespan that depend on taxonomic groupings of mosquitoes, virus type, and mode of transmission (horizontal or vertical) (Lambrechts and Scott 2009) . The same study showed that horizontal transmission of alphaviruses is associated with reduced adult survival. These virus-induced lifespan shortening effects were not observed in mosquitoes infected transovarially by bunyaviruses. Conflicting accounts are likely related to the variance in effects of virus infection on mosquito fitness from beneficial (Gabitzsch et al. 2006 , Reese et al. 2009 ) to highly detrimental. It is possible that viruses sometimes act as symbionts or mutualists in the mosquito, while parasitic in vertebrate hosts. There may also be differential effects on different components of fitness; under some environmental conditions, endosymbionts may enhance survival (Wolbachia: Dobson et al. 2004 , Plasmodium: Zhao et al. 2012 ) and mating success (La Crosse virus: Gabitzsch et al. 2006 , Reese et al. 2009 ) of mosquitoes.
Environmental conditions and time since infection are also important, as higher temperatures support faster replication and lead to higher viral titers (Dohm et al. 2002) , but increased mortality (Gunay et al. 2010) . The relationship between arbovirus titer at time of death and adult survival is likely complex. Characterizing arbovirus titer at time of death for mosquitoes in different states of infection (non-disseminated vs disseminated infections) is essential to begin to understand the relationships between adult survival and factors like infection and temperature.
The aim of this study was to characterize the influence of environmental temperature and exposure to West Nile virus (WNV) on mortality in the Southern house mosquito Culex pipiens quinquefasciatus Say. Culex p. quinquefasciatus plays a role in the maintenance of WNV in bird populations as well as transmission to humans (Sardelis et al. 2001 , Rutledge et al. 2003 , Hayes et al. 2005 . The current study provides information on the relationship between adult mosquito longevity, temperature, and WNV infection for two mosquito colonies. We tested whether: 1) Cx. p. quinquefasciatus exposure to WNV lowers longevity in relation to environmental temperature and colony and 2) lifespan is inversely related to WNV titer (virus load) in relation to environmental temperature and colony.
MATERIALS AND METHODS
We used established laboratory colonies of Cx. p. quinquefasciatus individuals field-collected from Gainesville (generation F 84 ) and Vero Beach (generation F 35 ), FL. Although these mosquitoes were collected from different sources, they may not be representative of field populations given that they have been maintained in the laboratory for many generations. Thus, here we consider these mosquitoes simply as two separate laboratory colonies. Culex pipiens quinquefasciatus adult females were allowed to blood-feed on WNV-infected blood or control blood meals lacking virus. Fully engorged females were maintained at either 27° C or 31° C until death. We measured infection and dissemination rates of WNV, viral titer, and daily survival.
Preparation of infectious blood meals
We used WNV strain WN-FL03p2-3 from Florida (GenBank: DQ983578.1). Propagation of WNV for blood meals was accomplished by inoculating confluent monolayes of Vero cells in tissue culture flasks (150 cm 2 ) (containing 12 ml media: 199 media, 10% fetal bovine serum, 0.2% amphotericin B (Fungizone®), 2% penicillin-streptomycin) with 0.2 ml virus stock. Tissue culture flasks with virus and media were then placed in an incubator at 35° C with a 5% CO 2 atmosphere. Control blood meals lacking WNV were prepared using similar methods except cells were inoculated with media lacking WNV. Inoculation of tissue culture flasks with virus and media were completed 48 h prior to blood-feeding trials.
On the day of blood-feeding, freshly harvested media and virus from tissue culture flasks containing Vero cells (controls used media in flask with Vero cells) were combined with chicken blood using a 1:100 dilution of freshly propagated virus + media:blood.
Mosquitoes and blood feeding
Culex p. quinquefasciatus were reared using standard conditions (Richards et al. 2009 ). Mosquitoes that emerged over a two-day period were used in the experiment. Female Cx. p. quinquefasciatus were held after emergence with males and then transferred to 1 liter cardboard cages with mesh screening (~150 females/cage). Mosquitoes were deprived of sugar but not water 24 h before blood-feeding trials, at which time seven-to eightday-old females were provided blood-soaked cotton pledgets containing 3 ml of WNV-infected chicken blood containing Alsever's as an anticoagulant (Hemostat Laboratories, Dixon, CA). The blood-virus laden pledgets were first heated at 35° C for 10 min and then placed on cages containing mosquitoes for 45 min to allow feeding. Control mosquitoes were handled similarly except that they were allowed to feed on uninfected blood (i.e., unexposed). A single feeding trial was provided to each of the Cx. p. quinquefasciatus colonies. Logistic constraints prevented us from feeding the two colonies at the same time. Immediately after feeding, ten fully engorged females fed infected blood from each feeding trial were stored at -80° C to determine viral titers of freshly fed mosquitoes between feeding trials.
After blood-feeding, mosquitoes were cold anesthetized and each fully engorged female was transferred to its own 0.5 liter cardboard cage with mesh screening along with a 30 ml plastic cup containing 10 ml tap water attached to the bottom of the cage for an oviposition site. Cotton moistened with a 20% sugar solution was placed on top of the mesh screening to provide carbohydrate nutrients. Mosquitoes were kept at either 27° C or 31° C, with 70-80% humidity and a 14:10 L:D photo regime. Treatment temperatures approximate early transmission phases (27° C) and the upper limit during early transmission phase (31° C) in areas of Florida for WNV activity (National Oceanic Administration Association, http://cdo.ncdc.noaa.gov/ulcd/ULCD) (Richards et al. 2007 ). Mosquitoes were monitored daily to check for adult survival and dead specimens were transferred to 2.0 ml tubes and stored at -80° C for subsequent analysis. The time between emergence to adulthood and death determined adult lifespan. We used lifespan to estimate survival rates for each treatment group. Survival function estimates describe the shape of mortality over time, whereas lifespan describes time of death in days.
Mosquito processing
Adult females stored at -80° C were processed by removing legs from the remainder of the body. Bodies and legs were assayed to determine infection and dissemination rates of WNV as well as viral titer. Samples were triturated separately in 2.0 ml microcentrifuge tubes with two 4.5-mm stainless steel beads and 0.9 ml BA-1 (10x medium 199, 1% bovine serum albumin, 0.05 M TRIS, pH 7.5, 100 units/ml of penicillin, 100 μg/ml of streptomycin, 1 μg/ml of mycostatin) at 25 Hz for 3 min (TissueLyser, Qiagen, Inc., Valencia, CA) and subsequently centrifuged at 3,148 x g for 4 min at 4° C. Nucleic acids were extracted as previously described (Richards et al. 2009 ). The amount of viral RNA present in samples was determined using quantitative real-time TaqMan Reverse transcriptase-polymerase chain reaction with a Light Cycler 480 system® (Roche, Mannheim, Germany) (Richards et al. 2007 ). The amount of WNV RNA present in samples was expressed in plaque forming unit equivalents (pfue)/ml using a standard curve method that compared cDNA synthesis for a range of serial dilutions of WNV in parallel with plaque assays using the same dilutions of virus (Bustin 2000 , Richards et al. 2007 . Infection is defined as mosquitoes with WNV RNA in their bodies. Dissemination is defined as mosquitoes with WNV RNA in both their bodies and legs. Uninfected individuals refer to mosquitoes that fed on WNVinfected blood but lacked detectable virus RNA in their bodies.
Statistical analyses
Prior to analyzing effects of WNV exposure on survival, we examined temperature and colony treatment effects on infection, dissemination, and viral titer of Cx. p. quinquefasciatus. Infection rate was defined as the number with body infections divided by the number that fed on WNV-infected blood; dissemination rate was defined as the number with body and leg infections divided by the number that fed on WNV-infected blood. Infection and dissemination rates are expressed as percentages of the total. Treatment effects on susceptibility to WNV infection and dissemination were analyzed using goodness of fit tests (Pearson's Chi-square statistic). Treatment effects on viral titer in bodies and legs were characterized using analysis of variance. When significant effects were detected, we used pairwise comparisons of means adjusted for α = 0.05 (Tukey-Kramer adjustment for multiple comparisons, PROC GLM, SAS 9.22). Nonparametric Kruskal-Wallis tests were used to analyze body and leg titers of mosquitoes with disseminated infections because these data did not meet the assumption of normality. Separate Kruskal-Wallis tests were used to test for effects of colony and temperature. Nonparametric methods have limited capabilities to test for interactions (Gaito 1959) , so data were reorganized so that each colony and temperature treatment represented a single treatment (Vero Beach at 27° C, Vero Beach at 31°C, Gainesville at 27° C, Gainesville at 31° C; yielding four individual treatments). A Kruskal-Wallis test was used to analyze these new treatment combinations as a proxy for a treatment interaction test (Costanzo et al. 2011) . Follow-up tests consisted of pairwise contrasts of treatments (e.g., Vero Beach at 27° C vs Vero Beach at 31° C) using similar nonparametric methods correcting for multiple comparisons using the sequential Bonferroni method.
Treatment effects on survival were compared between WNV exposed and control Cx. p. quinquefasciatus using non-parametric survival analysis (PROC LIFETEST, SAS 9.22). Follow-up procedures used log-rank test statistics to compare pairwise estimates of survival adjusting for multiple comparisons using the Sidak method (Sidak 1967) . Analysis of covariance models, treating lifespan (time) as a covariate, tested the null hypothesis of equal slopes for the two colonies relating body viral titer among Cx. p. quinquefasciatus with disseminated infections and lifespan. Separate tests were performed for 27° C and 31° C.
RESULTS
A total of 520 Cx. p. quinquefasciatus adult females fed on WNV-infected blood (273 mosquitoes) or control blood (247 mosquitoes). For each colony and temperature, a minimum of 64 mosquitoes were used per treatment for the cohorts of mosquitoes fed WNV-infected blood. Virus titers of freshly fed mosquitoes were 5.1 ± 0.33 and 4.8 ± 0.30 log 10 pfue WNV/ml for Cx. p. quinquefasciatus from Gainesville and Vero Beach, respectively.
Infection and dissemination rates
West Nile virus infection and dissemination rates differed between the two colonies and these differences depended on environmental temperature. Infection and dissemination rates for both colonies at 27° C and 31° C are listed in Table 1 . Goodness of fit tests showed no significant differences in infection rates between the colonies at 31° C ( 2 = 0.241, 1 d.f., p = 0.6238; Table  1 ). However, dissemination rates were significantly higher for the Gainesville than Vero Beach colony at 31° C ( 2 = 4.603, 1 d.f., p = 0.0319; Table 1 ). Infection and dissemination rates were significantly higher for the Gainesville colony compared to the Vero Beach colony at 27° C (infection, 2 = 6.357, 1 d.f., p = 0.0117; dissemination, 2 = 5.409, 1 d.f., p = 0.0200; Table 1 ).
West Nile virus titer
We observed no differences in body titers of mosquitoes with non-disseminated infections between colonies or temperatures (all F ≤ 0.16, all p ≥ 0.51; Table 2 ). There was a significant interaction between temperature and colony for body titer in mosquitoes with infections disseminated to the legs (χ 2 = 24.61, p < 0.0001; Table 2 ). At 27° C significantly higher body titers were observed in females from the Vero Beach colony compared to the Gainesville colony (χ 2 = 14.68, p = 0.0001; Table 1 ). Conversely, at 31° C significantly higher body titers were observed in females from the Gainesville colony compared to Vero Beach colony (χ 2 = 9.95, p = 0.0016; Table 1 ). There was a significant interaction between colony and temperature effects on leg titers of Cx. p. quinquefasciatus with disseminated infections (all χ 2 ≥ 12.48, p ≤ 0.0004; Tables 1, 2) .
Survival of West Nile virus-exposed mosquitoes
Survival of adult females depended on colony, temperature, and type of blood meal (WNV exposed and unexposed). All twoway interactions and the three-way interaction [Temperature x Colony x Type of blood meal] were significant (Table 3) . Thus, the colonies respond differently to temperature and infection. To further investigate the highest order interaction (three-way interaction), we examined pairwise comparisons of survival of mosquitoes exposed and unexposed (controls) to WNV within each temperature by colony combination. At 27° C, the Vero Beach Cx. p. quinquefasciatus exposed and unexposed to WNV showed significantly greater survival than the Gainesville Cx. p. quinquefasciatus exposed and unexposed to WNV (all 2 ≥ 12.18, p ≤ 0.0004, Figure 1a) . At 27° C, Gainesville Cx. p. quinquefasciatus showed no differences in survival for exposed vs unexposed to WNV ( 2 = 0.01, p = 0.90, Figure 1a) . At 27° C, Vero Beach Cx. p. quinquefasciatus exposed to WNV had significantly greater survival than unexposed mosquitoes ( 2 = 8.22, p = 0.0041, Figure  1a) . At 31° C, the Vero Beach Cx. p. quinquefasciatus exposed and unexposed to WNV had significantly greater survival than in Gainesville Cx. p. quinquefasciatus exposed to WNV (all 2 ≥ 7.01, p ≤ 0.008, Figure 1b) , but not the unexposed mosquitoes (all 2 ≤ 0.99, p ≥ 0.31, Figure 1b) . At 31° C, Gainesville Cx. p. quinquefasciatus not exposed to WNV had marginally greater survival than exposed mosquitoes, after correcting for multiple comparisons ( 2 = 5.21, p = 0.0225, Figure 1b ).
Survival and West Nile virus titer
Analysis of covariance models, with lifespan (time) as a covariate, were used to test the null hypothesis of equal slopes for the two colonies relating body viral titer among Cx. p. quinquefasciatus with disseminated infections and lifespan. At both temperatures, a significant time x colony interaction enabled us to reject the null hypothesis, providing evidence that the slopes were not equivalent (31° C, F = 5.17, p = 0.0250; 27° C, F = 4.86, p = 0.0297, Table 4, Figure 2) . Therefore, the relationship of lifespan and body titer at time of death differed between the colonies. Since the slopes were unequal, a model was used to obtain slope estimates and test the null hypothesis that the slope equals zero. The estimated slope was not significantly different from zero for the Gainesville mosquitoes at 31° C (slope = -0.0387, S.E. = 0.0247, t = -1.56, p = 0.1208). In the Vero Beach mosquitoes, WNV titer at 31° C decreased with greater lifespan in Cx. p. quinquefasciatus with disseminated infections (slope = -0.1068, S.E. = 0.0167, t = -6.37, p < 0.0001). The slope for Vero Beach mosquitoes was more negative than for Gainesville mosquitoes (Figure 2a) , indicating a more rapid decrease in titer in longer-lived mosquitoes. The estimated slope was not significantly different from zero for Gainesville mosquitoes at 27° C (slope = -0.0108, S.E. = 0.0108, t = -0.99, p = 0.3227). The estimated positive slope showed that WNV titer in Vero Beach mosquitoes increased with increased lifespan for mosquitoes with disseminated infections at 27° C (slope = 0.0227, S.E. = 0.0106, t = 2.14, p = 0.0348).
DISCUSSION
In this study we characterized relationships among WNV infection, adult survival, and temperature using two Cx. p. quinquefasciatus colonies. We observed that infection and dissemination rates increased with higher temperature. These results are similar to studies examining the impact of temperature on Cx. p. quinquefasciatus and Cx. p. pipiens vector competence for WNV (Richards et al. 2007 , Dohm et al. 2002 , Eastwood et al. 2011 . Differences in infection and dissemination rates between the colonies used here were consistent with other studies showing genetic variation between different colonies and populations (Bennett et al. 2002, Vaidyanathan and Scott, 2007) . While the two colonies used here are long-established lab colonies and so may not reflect what occurs in field situations, these differences demonstrate the variation possible within one species, despite having adapted to similar (lab) conditions. Higher infection and dissemination rates were observed in mosquitoes from Gainesville compared to Vero Beach at 27° C. Similar trends were observed at 31° C but were only significant when dissemination rates were considered (Table 1) . Another study that used the same colonies under similar conditions (freshly fed mosquitoes containing 5.2-5.3 log 10 pfue; environmental temperature 28° C; 7-day-old mosquitoes) and incubated for 13 days showed no significant differences in infection or dissemination rates in Gainesville compared to Vero Beach colonies (Richards et al. 2010) . However, the two colonies differed in WNV infection and dissemination under different biological (mosquito age) and environmental (temperature, virus dose) conditions, and the aforementioned study showed that factors interacted in complex ways to affect measures of vector competence. The relationship between body and leg titers of infected mosquitoes and dissemination status differed between the two colonies. At 27° C, viral titers in bodies and legs of mosquitoes with disseminated infections were higher in individuals from Vero Beach than Gainesville, while at 31° C, titers were higher in Gainesville than Vero Beach mosquitoes. However, there were no differences in body titer in mosquitoes with non-disseminated infections. Non-disseminated infections are limited to the midgut by the midgut (mesenteronal) escape barrier (Kramer et al. 1981) . This barrier prevents viral escape across the basal lamina of the midgut and disseminating to other tissues (Defoliart et al. 1987) . Under the conditions used here, colony-specific differences in infection and dissemination rates, related to viral growth, occurred only after WNV overcame the midgut escape barrier.
Ingestion of arbovirus-infected blood can elicit an immune response in mosquitoes (Ahmed et al. 2002 , Schwartz and Koella 2004 , Khoo et al. 2010 , Ramirez and Dimopoulos 2010 . Mounting an immune response is metabolically costly and may reduce mosquito fitness (e.g., decrease in reproductive fitness) (Moore 2001 , Ahmed et al. 2002 , Schwartz and Koella, 2004 . If mosquitoes suffer a metabolic cost attributable to arbovirus infection, then decreased survival may be associated with virusexposed compared to unexposed mosquitoes. Virus exposure, even if infection is unsuccessful, may pose a metabolic cost (Ciota et al. 2011 , Maciel-de-Freitas et al. 2011 due to the initiation of immune responses. Following exposure, immune responses may clear or limit the infection, or fail to control the infection resulting in dissemination through the body. Costs of such defenses or viral dissemination through the body of the mosquito may influence adult survival. For instance, mounting an immune defense may result in earlier mortality in individuals who are only exposed to virus but not infected, or never experience virus dissemination to tissues (Ciota et al. 2011 , Maciel-de-Freitas et al. 2011 ). Conversely, if viral infection and replication are costly to the mosquito, then higher viral titers may be associated with mosquitoes that die earlier.
Differences in WNV titers observed here may be attributable to differences in WNV replication in the two Cx. p. quinquefasciatus colonies. However, differences in titers between the colonies could also be due to mosquitoes living longer at 27° C than 31° C, and that the Vero Beach mosquitoes lived longer than the Gainesville mosquitoes. Taken together, differences in titers between the colonies used in this study could result from longer time for viral replication. After controlling for a time effect, we showed that relationships between lifespan and titer differed in the colonies at 31° C and 27° C, suggesting that within species variation in response to environmental temperature impacts interactions with WNV. We observed a decreasing relationship between viral titer and lifespan in mosquitoes with disseminated infections suggesting a cost to viral replication. However, these effects were only observed for the Vero Beach colony at 31° C. A positive relationship between viral titer and lifespan for mosquitoes from the Vero Beach colony held at 27° C suggest that costs to viral replication are minimal and depend on environmental temperature and geographic origin of the mosquito species. While factors such as environmental temperature, virus dose, virus strain, and mosquito chronological age influence Cx. p. quinquefasciatus vector competence for WNV, between-factor interactions that affect vector competence must be considered when interpreting experimental results (Richards et al. 2010) . Future studies should determine genetic variation controlling vector competence between geographic populations of Cx. p. quinquefasciatus and the nature of extrinsic and intrinsic interactions with environmental and biologic factors (e.g., Culex p. pipiens and Cx. restuans and West Nile virus, Kilpatrick et al. 2010) . Studies should determine whether observations from the current study using colonized Cx. p. quinquefasciatus translate to the field where populations may be more genetically heterogeneous and environmental conditions more variable.
We tested the hypothesis that exposure to WNV decreases survival in Cx. p. quinquefasciatus. The higher temperature treatment here resulted in approximately 30% reduction in survival, consistent with other mosquito species where increases in temperature reduce adult survival (Nayar 1972 , Oda et al. 1999 , Alto and Juliano, 2001 ). The significant interactions including colony and temperature in the survival analysis indicates that the two colonies are responding differently to temperature. We found modest support for the prediction that exposure to WNV impedes survival (i.e., Gainesville Cx. p. quinquefasciatus at 31° C) which would suggest a cost of immune activation in response to a virus challenge, consistent with observations for other mosquitoes (Cx. p. pipiens and WNV: Ciota et al. 2011 , Aedes aegypti and dengue-2 virus: Maciel-de-Freitas et al. 2011, Anopheles gambiae Giles and Ae. aegypti: Ahmed et al. 2002, Schwartz and Koella 2004) . However, this effect depended on environmental temperature and varied between colonies of Cx. p. quinquefasciatus. In contrast, exposure to WNV enhanced survival for Vero Beach Cx. p. quinquefasciatus at 27° C. These results suggest that exposure to WNV and associated infection affects components of mosquito fitness. Arbovirus associated benefits in mosquito survival, reproduction, or changes in mosquito blood-feeding behavior may increase the efficiency of transmission. Longer probing and feeding periods (dengue virus infected Aedes aegypti : Platt et al. 1997, La Crosse encephalitis virus (LACV) infected Aedes triseriatus: Grimstad et al. 1980 ) may lead to more interrupted feedings and feeding on multiple hosts. La Crosse encephalitis virus infection of Ae. triseriatus was associated with improved insemination rates (Gabitzsch et al. 2006 , Reese et al. 2009 ) and hatching rate of viable eggs (McGaw et al. 1998 ). However, the potential benefits of higher insemination associated with infection may be offset by other detrimental effects of LACV infection including greater egg mortality (McGaw et al. 1998) , which may influence vertical transmission (Miller et al. 1977 , Hughes et al. 2006 . These findings for arboviruses complement other mosquito-endosymbiont systems where fitness advantages were observed for Wolbachia infected Aedes albopictus (e.g., greater fecundity and longevity, Dobson et al. 2004 ) and survival was enhanced under starvation for Plasmodium infected Anopheles stephensi (Zhao et al. 2012) . The observation that mosquito lifespan could increase with exposure to WNV indicates that these fitness advantages may occur for arboviruses and warrant further study to understand when this may occur and the consequences for arbovirus transmission. The mechanisms that cause WNVassociated changes in survival are unclear but suggest a high degree of complexity between WNV and Cx. p. quinquefasciatus. Improving our understanding of WNV-induced changes in fitness related traits will provide insight into transmission in nature.
